Breakdown of the blood-brain barrier (BBB) is a key step associated with ischemic stroke and its increased permeability causes extravasation of plasma proteins and circulating leukocytes. Polymorphonuclear neutrophil (PMN) proteases may participate in BBB breakdown. We investigated the role of PMNs in ischemic conditions by testing their effects on a model of BBB in vitro, under oxygen-glucose deprivation (OGD) to mimic ischemia, supplemented or not with high-density lipoproteins (HDLs) to assess their potential protective effects. Human cerebral endothelial cells cultured on transwells were incubated for 4 hours under OGD conditions with or without PMNs and supplemented or not with HDLs or alpha-1 antitrypsin (AAT, an elastase inhibitor). The integrity of the BBB was then assessed and the effect of HDLs on PMN-induced proteolysis of extracellular matrix proteins was evaluated. The release of myeloperoxidase and matrix metalloproteinase 9 (MMP-9) by PMNs was quantified. Polymorphonuclear neutrophils significantly increased BBB permeability under OGD conditions via proteolysis of extracellular matrix proteins. This was associated with PMN degranulation. Addition of HDLs or AAT limited the proteolysis and associated increased permeability by inhibiting PMN activation. Our results suggest a deleterious, elastase-mediated role of activated PMNs under OGD conditions leading to BBB disruption that could be inhibited by HDLs.
INTRODUCTION
The blood-brain barrier (BBB) is a biologic filter designed to segregate the vascular compartment from the central nervous system, in which endothelial cells have a pivotal role. 1 The major determinant of this barrier is the low permeability to all types of molecules including proteins, peptides, and metabolites (4400 Da) across the endothelial layer that lines cerebral microvessels. Breakdown or dysfunction of the BBB is a key step associated with both vascular and degenerative diseases of the central nervous system (ischemic stroke, tumors, multiple sclerosis, Alzheimer disease, etc.). 2 In ischemic conditions, BBB permeability is increased causing extravasation of leukocytes and plasma proteins such as plasminogen that may be deleterious for the parenchymal compartment of the brain. 3 In humans, polymorphonuclear neutrophils (PMNs) represent the most abundant class of leukocyte (70% of white blood cells) and are rapidly activated during acute ischemia. 4 Similarly, activation of cerebral endothelial cells leads to increased expression of adhesion molecules leading to transmigration of PMNs through the endothelial barrier into the tissue. 5 Polymorphonuclear neutrophils have a key role in acute ischemic cerebral injury and in ischemia-induced BBB disruption, where their proteases such as matrix metalloproteinase 9 (MMP-9) participate in BBB breakdown. [6] [7] [8] [9] In particular, PMN depletion was shown to limit edema and infarct size area in a rat model of middle cerebral artery occlusion, 10 and also to reduce BBB breakdown and inflammation subsequent to intracerebral hemorrhage. 11 Furthermore, the role of PMNs in cardiac ischemia/reperfusion is well documented. 12 In addition to reverse transport of excess cholesterol from the tissues back to the liver, high-density lipoprotein (HDL) particles exert anti-inflammatory, antioxidant, anti-elastase, and antithrombotic effects that may protect endothelial cells from acute injury. 13, 14 It has been reported in vivo that HDLs inhibit the expression of adhesion molecules by endothelial cells and hence reduce PMN adhesion and transmigration. 15 We have previously reported that intravenous injection of HDLs was neuroprotective in an embolic stroke model, in particular by modulating PMN extravasation. 16 The role of PMNs on BBB permeability remains unclear. Inglis et al 17 reported that only N-formyl-methionyl-leucylphenylalanine-activated PMNs led to increased permeability, associated with transmigration through the endothelium. Other authors have suggested that elastase was responsible for the PMN-induced increased permeability of the endothelial layer. 18 We recently reported that anti-elastase activity of HDLs 14 may represent a novel protective effect of these particles in pathologic conditions involving PMN activation and subsequent elastase release. In addition to their well-documented functions in endothelial stabilization, HDLs may thus represent a therapeutic option for limiting BBB permeability under ischemic conditions.
In this study, we aimed at investigating the role of PMNs in ischemic conditions by testing their effects on a simplified model of BBB using cerebral endothelial cells in vitro, under glucose and oxygen deprivation to mimic ischemia, supplemented or not with HDLs to assess their potential protective effects.
MATERIALS AND METHODS

Cell Cultures
The human brain endothelial cell line hCMEC/D3 were kindly provided by Dr. Couraud. Cells were cultured on uncoated plastic plates in complete EBM-2 medium (Endothelial Basal Medium; Lonza, Basel, Switzerland), supplemented with 2.5% fetal calf serum, hydrocortisone, and growth factors (Promocell, Heidelberg, Germany) and used at passages 29 to 35. The medium was replaced twice a week, and cells reached confluence after 7 to 10 days. Cells were passaged using trypsin-EDTA 10X (PAA, Yeovil, Somerset, UK).
Polymorphonuclear Neutrophil Isolation
Human PMNs were isolated from blood of healthy volunteers with informed consent, by elimination of mononuclear and red blood cells. Briefly, blood was collected in EDTA tubes (BD Vacutainer, Plymouth, UK) and centrifuged at 2,000 g for 10 minutes at 201C to obtain plasma, which was taken to isolate HDLs and LDLs (see below). The plasma was replaced by RPMI and an equal volume of 2% Dextran was added before gentle mixing for red blood cell agglutination. After 20 minutes of sedimentation at room temperature, the supernatant containing the leukocytes was slowly layered on 12 mL Ficoll (PAA), d ¼ 1.077, at a 2:1 ratio, and then centrifuged for 25 minutes at 616 g at 201C without active braking. The ring formed by mononuclear cells (monocytes and lymphocytes) was discarded. The pellet consisted of polymorphonuclear cells and some residual red blood cells that were then eliminated by hypotonic lysis (5 mL H 2 O for 30 seconds). The osmolarity was restored by adding 5 mL of 1.8% NaCl, and the pH corrected to 7.4 by addition of 10 mL phosphate buffered saline (PBS, NaCl 8 g/L, KCl 0.2 g/L, Na 2 HPO 4 Á 7H 2 O 1.44 g/L, KH 2 PO 4 0.24 g/L, pH 7.4). Cells were then centrifuged (800 g, 5 minutes, 201C) and washed with PBS before resuspension in RPMI. An aliquot was used for counting PMNs and for assessment of their purity.
Isolation of High-Density Lipoproteins
Lipoproteins were isolated from plasma of healthy volunteers by ultracentrifugation. 14 Plasma density was adjusted to d ¼ 1.22 with KBr and the resulting solution was overlaid with KBr saline solution (d ¼ 1.063). Ultracentrifugation was performed at 100 000 g for 5 hours at 101C. The density of the bottom fraction containing HDLs was adjusted to 1.25 with KBr and this solution was overlaid with KBr saline solution (d ¼ 1.21). After this step, the HDL fraction (orange top layer) was recovered as a single band, and was then extensively rinsed with PBS (at least 5 times the initial volume) and concentrated using a centrifugal concentrating device (cutoff 10 kDa; Vivascience, Stonehouse, UK).
Endothelial Cell Treatments
Before each experiment, endothelial cells were washed three times with PBS. They were then incubated with 100 nM elastase or 1 Â 10 6 PMNs/mL, supplemented or not with 400 mg/mL HDL preparation and/or 1 mM of alpha-1-antitrypsin (AAT, Alfalastin, LFB Biomé dicaments, Courtaboeuf, France). Oxygen-glucose deprivation (OGD) conditions were achieved by using a hypoxia chamber (Billups-Rothenberg, Del Mar, CA, USA) where atmospheric air was replaced by a mixture of gas (0% O 2 , 5% CO 2 , 95% N 2 , Air Product, Allantown, PA, USA) and cells were maintained in DMEM without glucose (Life Technologies Corporation, Paisley, UK) equilibrated with the same mixture. Non-OGD conditions were obtained by maintaining the cells in DMEM medium 1 g/L glucose with 5% CO 2 .
In Vitro Permeability Measurements
For permeability experiments, hCMEC/D3 were seeded at 5 Â 10 5 cells/cm 2 onto collagen-coated inserts (PCF filters, 0.4 mm pore size, Millicell, Millipore, Billevica, MA, USA) in complete EBM-2. Cells were grown 14 days post confluence before use. Permeability was calculated from the kinetics of clearance of fluorescein isothiocyanate (FITC)-labeled dextran (70 kDa). This marker of BBB permeability has been previously validated in vivo. 19 We also checked the validity of this marker in a mouse model of middle cerebral artery occlusion (4 hours with a monofilament; Supplementary Figure 1 ). Animal care and experimental protocols were approved by the Animal Ethics Committee of the INSERM-University Paris 7, authorization 2010/13/698-0002.
Inserts were placed in wells of 24-well plates. To measure the permeability, FITC-dextran (0.385 mg/mL) was added to the inserts, which were transferred every 15 minutes over 45 minutes to collect wells containing 600 mL of fresh medium. Samples (200 mL) from the collecting wells were placed in a 96-well plate, and the fluorescence was determined using a microplate reader at 485 nm (excitation) and 538 nm (emission). Fluorescence was converted to dextran concentration using a standard curve. The volume cleared was calculated from the ratio of dextran concentration in each sample to the applied concentration (0.385 mg/mL). The incremental cleared volume was plotted against time and the slope of the regression line used to calculate a permeability surface area value (PS). The PS for the endothelial monolayer (PS) was calculated from the following equation: 1/PS ¼ 1/PS e À 1/PS f , where PS e is the regression slope across a test insert and PS f is the regression slope across a blank insert (cell free). The PS values were divided by the surface area of the insert (0.7 cm 2 ) to obtain the endothelial permeability coefficient P e (cm/min). Alternatively, human umbilical vein endothelial cells were used in the same conditions as hCMEC/D3, before passage 5 (Promocell).
SDS-PAGE and Western-Blot Analysis
Proteins contained in culture supernatants from OGD and non-OGD experiments were separated by SDS-7.5% PAGE for detection of fibronectin. After electrophoresis, proteins were transferred onto nitrocellulose membranes, blocked with 5% milk powder in Tris-buffer saline, pH 7.4/0.1% Tween-20, and then probed with rabbit polyclonal anti-human fibronectin (dilution 1:1 000; Sigma-Aldrich Corp., St. Louis, MO, USA). An anti-rabbit peroxidase-conjugated secondary antibody was used (dilution 1:10 000; Jackson ImmunoResearch Laboratories, Newmarket, Suffolk, UK) followed by ECL detection. Densitometry analysis of fibronectin fragments (o100 kDa) was performed using a calibrated scanner (GS800; Bio-Rad, Hercules, CA, USA).
Immunocytofluorescence
For these experiments, hCMEC/D3 were seeded at 5 Â 10 5 cells/cm 2 onto collagen coated EZ-slide (Millipore) in complete EBM-2. Cells were grown to confluence over 7 days before use. After treatment, cells were fixed in 3.7% paraformaldehyde for 30 minutes and stored in PBS at 41C. Rabbit polyclonal antibody to human VE-Cadherin (1:200; Bender Med Systems, Vienna, Austria) was applied, followed by a secondary antibody conjugated with Alexa 488 (Life Technologies Corporation). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (0.1 mg/mL). Negative controls using the corresponding nonimmune IgGs were included in each set of experiments to check for nonspecific staining. Images are provided using whole-slide scanner NanoZoomer (Hamamatsu Photonics, Massy, France) and are representative of three independent experiments.
Determination of Elastase Activity
Elastase activity was determined in cell culture supernatants for each condition. In all cases, 125 mL of culture supernatants were incubated with 0.1 mM of an elastase fluorogenic substrate: MeO-Suc-Ala-Ala-Pro-Val-AMC (Millipore). Human PMN elastase (range 50 to 1.5 nM; Elastin Products, Owensville, MO, USA) was used to make a standard curve. Substrate hydrolysis was monitored for 2 hours at 371C by (spectro)fluorometry at 390 nm (excitation) and 460 nm (emission).
Gelatin Zymography
Zymography for determination of gelatinolytic activity of MMP-9 was performed on cell supernatants. Equal volumes of samples were mixed 1:1 with loading buffer (80 mM Tris-HCl (pH 6.8), 4% SDS, 10% glycerol, 0.01% bromophenol blue). Proteins were separated by electrophoresis on SDSpolyacrylamide gels containing 0.1% gelatin (Sigma, Sigma-Aldrich Corp.) at 100 V for 1 hour. After electrophoresis, gels were washed with 2.5% Triton X-100 for 1 hour to remove SDS and then incubated for 19 hours at 371C with shaking in a buffer containing 50 mM Tris-HCl (pH 7.8) and 10 mM CaCl 2 . Bands of lysis were visualized after staining for 1 hour with 0.45% Coomassie Blue (30% propanol, 10% acetic acid, 0.45% Coomassie blue) and destained for 30 minutes with a solution of 30% (v/v) ethanol and 10%
(v/v) glacial acetic acid. To compare gelatinase activity, gels were analyzed by densitometry using a calibrated scanner (GS800, Bio-Rad), and the intensity of the bands (arbitrary units) was normalized to the control sample (supernatant of PMNs þ hCMEC/D3 in non-OGD conditions was set at 100) in each set of experiments.
Statistics
Statistical analyses were performed using GraphPad Prism 5 software (La Jolla, CA, USA). Results are expressed as means ± s.d. Comparison between multiple groups were performed by one-way analysis of variance (ANOVA, Kruskall Wallis), followed by Mann-Whitney tests. A value of Po0.05 was considered statistically significant.
RESULTS
Polymorphonuclear Neutrophils Increase Blood-Brain Barrier Permeability in Ischemic Conditions
To determine the role of ischemia and PMNs on BBB permeability, the well-established model of hCMEC/D3 cells 20 was used in coculture with PMNs under OGD conditions. The permeability of the BBB obtained under control conditions (with EBM-2 medium or DMEM 1 g/L glucose) was comparable to that reported by Weksler et al 20 (0.0045 ± 0.00026 Â 10 À 3 versus 0.013 Â 10 À 3 cm/min) and significantly lower as compared with another endothelial cell type used in the same conditions (human umbilical veni endothelial cell permeability: 0.374 Â 10 À 3 cm/ min) ( Supplementary Figure 2 ). This result indicated that the BBB model used in our study is relevant in terms of permeability. The permeability was then measured after 4 hours of treatment (OGD conditions ± PMNs). As shown in Figure 1 , neither PMNs nor OGD conditions induced significant changes in permeability. An increase in permeability was observed only when the BBB was incubated with PMNs under OGD conditions (Po0.0001, compared with control conditions with DMEM, respectively, 0.0035±0.00025 Â 10 À 3 versus 0.014±0.0048 Â 10 À 3 cm/min).
High-Density Lipoproteins Limit Polymorphonuclear
Neutrophil-Induced Permeability of the Blood-Brain Barrier in Ischemic Conditions Since HDLs have been shown, in vivo, to reduce cerebral infarct volume in a rat model of embolic stroke that was associated with a limited BBB leakage 16 and given the documented effects of HDLs on the endothelium, 21 we therefore tested the potential protective effects of HDLs on the BBB. Coincubation with HDLs decreased significantly the permeability induced by PMNs under OGD conditions (Figure 1 , Po0.0001 versus without HDLs).
Ischemic Conditions Induce Elastase, Matrix Metalloproteinase 9, and Myeloperoxidase Release by Polymorphonuclear Neutrophils in Coincubation with Endothelial Cells
We hypothesized that OGD may stimulate PMN activation and the release of proteases, leading to endothelial damage. Supernatants of each condition were collected to measure elastase and MMP-9 activities (endothelial cells in control or OGD conditions ± PMNs). Oxygen-glucose deprivation significantly increased MMP-9 release by PMNs (Po0.05) and elastase activity (Po0.0001), as assessed respectively by gelatin zymography and by fluorimetry using a selective substrate for elastase (Figures 2A and 2B) . No activity could be detected for these proteases in the supernatant of endothelial cells alone. Myeloperoxidase (MPO) levels were quantified in the same conditions. Similarly, MPO release by PMNs was induced under OGD conditions ( Figure 2C ). We also tested PMNs without endothelial cells under OGD conditions, supplemented or not with HDLs. In these conditions, OGD did not activate PMNs (no changes could be observed in elastase and MMP-9 activities; Supplementary Figure 3 , and MPO levels).
High-Density Lipoproteins Inhibit Polymorphonuclear Neutrophil Activation Induced by Oxygen-Glucose Deprivation Conditions in the Presence of Endothelial Cells
Incubation with HDLs significantly decreased elastase activity in both OGD and non-OGD conditions and the release of MPO in ischemic conditions only ( Figure 2 ). In these conditions, addition of HDLs did not significantly decrease MMP-9 levels detected in the supernatant. Since HDLs display an important anti-elastase activity 14 but have no documented action on MMP-9, it is possible that they inhibit elastase after its release from activated PMNs. However, it cannot be excluded that HDLs may modulate PMN activation in coincubation with endothelial cells since MPO levels are decreased in the supernatants of PMN-endothelial cells in OGD versus non-OGD conditions. Surprisingly, addition of HDLs to isolated PMNs (without endothelial cells) increased MMP-9 release ( Supplementary Figure 3 ), suggesting a partial activation of PMNs (no changes in elastase were observed, possibly because of the anti-elastase activity of HDLs). Of note, in coincubation with endothelial cells, PMN release of MMP-9 and MPO was similar in OGD and non-OGD conditions.
High-Density Lipoproteins Inhibit VE-Cadherin Disorganization and Limit Fibronectin Proteolysis Induced by Polymorphonuclear Neutrophils in Oxygen-Glucose Deprivation Conditions
Immunocytofluorescence analysis of VE-cadherin showed the typical sharp membrane staining delimitating endothelial cells under control conditions (DMEM). No change occurred after incubation with PMNs, but a strong disorganization of VE-cadherin was observed under OGD conditions with PMNs. Oxygen-glucose deprivation without PMNs only produced a moderate effect on VE-cadherin distribution, as illustrated by a patchy staining (arrows, Figure 3 ). Coincubation with HDLs prevented VE-cadherin disorganization induced by OGD ± PMNs, showing a pattern similar to that observed in control conditions (Figure 3 ).
In addition, western-blot analysis of the supernatants showed an important proteolysis of fibronectin by PMNs in non-OGD and even more in OGD conditions, as shown by the presence of degradation fragments in these conditions (more intense bands corresponding to small fragments were observed in the OGD þ PMN condition; Figure 4 and Supplementary Figure 4B 
MMP-9
Elastase MPO p = 0.0003 p = 0.0019 p = 0.02 p = 0.057 p = 0.02 p = 0.029 
High-Density Lipoproteins Prevent Deleterious Effects of Purified Elastase on the Blood-Brain Barrier
To evaluate the role of elastase in PMN-induced BBB destabilization, we tested the effect of purified elastase in our model of BBB. Endothelial cells were exposed to 100 nM elastase under normal or OGD conditions ± HDLs (0.4 g/L). After 4 hours of treatment, the integrity of the BBB was assessed in each condition. Surprisingly, elastase induced a loss of integrity of the BBB only under OGD conditions (P ¼ 0.0004, 0.019±0.0053 Â 10 À 3 versus 0.0033 ± 0.00053 Â 10 À 3 cm/min in DMEM). Coincubation with HDLs returned permeability to baseline ( Figure 5A ). Immunocytofluorescence detection of VE-cadherin showed that the deleterious effects of elastase were inhibited by HDLs in both non-OGD and OGD conditions ( Figure 5B ). It should be noted that disorganization of VE-cadherin by elastase was more important when cells were subjected to OGD. For immunostaining, cells were cultured on Labtek chambers at a lower confluence than for permeability experiments. This could be an explanation for the discrepancy between the observed disorganization of the endothelial layer after treatment with elastase in non-OGD conditions and the unmodified permeability under these conditions ( Figures 5B versus 5A) . Western-blot analysis showed increased proteolysis of fibronectin by elastase in OGD versus non-OGD conditions as previously observed for PMNs, which was only partially prevented by addition of HDLs (Supplementary Figure 4A ).
Elastase Inhibition Reduces Polymorphonuclear Neutrophil-Induced Blood-Brain Barrier Destabilization in Ischemic Conditions
To address the role of elastase in our in vitro model of BBB aggression by PMNs in ischemic conditions, we assessed the effect of AAT, the natural inhibitor of elastase, on this increase of BBB permeability. After 4 hours of treatment, the integrity of the BBB was assessed in each condition. As shown in Figure 6 , coincubation with AAT significantly inhibited the increase in permeability induced by PMNs under OGD conditions ( Figure 6 ). Alpha-1 antitrypsin totally inhibited elastase activity in both OGD and non-OGD conditions (Supplementary Figure 5) . Immunodetection of VE-cadherin and western-blot analysis of fibronectin showed an important protective effect of AAT both on stabilization of intercellular junctions and on proteolysis ( Supplementary  Figures 6 and 4B) . These results suggest that elastase is the major determinant of pericellular proteolysis and subsequent BBB disorganization leading to increased permeability induced by PMNs under OGD conditions.
DISCUSSION
In our study, we have shown in vitro that PMNs were able to induce BBB disruption when coincubated with cerebral endothelial cells and submitted to OGD conditions for 4 hours. In particular, elastase was shown to be the major determinant of BBB breakdown. We also propose that HDLs may represent a promising therapy in stroke by preventing PMN-induced BBB permeability under ischemic conditions, in particular by inhibiting elastase.
In contrast to other studies, we show that ischemic conditions were not sufficient to induce an increased permeability. 22, 23 Wachtel et al 23 used human umbilical veni endothelial cells submitted to 5 hours of ischemia and permeability was assessed using 4.4 kDa FITC-Dextran versus 70 kDa FITC-Dextran in our study. In addition to the increased ability of lower molecular mass dextran to cross the endothelial layer, human umbilical veni endothelial cells establish less impermeable junctions relative to the hCMEC/D3 cells used in our study (as shown in Supplementary  Figure 2 ). More recently, Cowan et al 24 reported an increased, but reversible, permeability in hCMEC/D3 cells subjected to OGD for 1 hour and then reoxygenated for 30 minutes or 1 hour. A permanent increase in permeability was only achieved after 12 hours of OGD and was associated with cytotoxicity. Intermediate incubation times, i.e., 4 hours, were not tested in this study. We have also observed an increased BBB permeability in ischemic conditions (4 hours) using hCMEC/D3 cells grown 10 days versus 14 days post confluence in the present study (not shown).
Interestingly, transendothelial migration of PMNs after stimulation of the BBB by tumor necrosis factor (TNF)a was accompanied by an increased permeability, but after the migration period, the endothelial layer resumed its continuity. 25 This suggests that activation of endothelial cells is sufficient for expression of adhesion molecules and recruitment of PMNs, but a sustained BBB disruption may require additional factors such as PMN activation. Conversely, Joice et al 26 tested the effect of PMN activation by TNFa or LTB4 on the same BBB model that we used, consisting of the hCMEC/D3 endothelial cell line cultured on collagen. Interestingly, they showed that nonstimulated PMNs reduced endothelial permeability whereas activated PMNs returned permeability to baseline. The same group showed that PMNs blocked the OGD-induced increase in permeability when added 1 hour after OGD or at the onset of OGD (for 1 hour). Whereas longer exposure of hCMEC/D3 to OGD (12 and 24 hours) led to increased permeability associated with cytotoxicity, PMNs did not show any effect on the permeability. 24 In our study, we hypothesized that a sustained activation of both PMNs and endothelial cells may be required to mimic the conditions leading to BBB disruption in stroke. For this reason, we tested in vitro the permeability of the BBB 20 in the presence of PMNs under OGD conditions for 4 hours. These conditions were chosen to reproduce in vitro ischemic conditions that could be found in a clinical situation of thrombo-embolic stroke. In humans, this condition (4 hours of ischemia) may be similar when patients with acute cerebral artery occlusion are recanalized by thrombectomy. 27 We have shown that elastase was sufficient to induce an increased permeability of the BBB and participated in PMNinduced BBB disruption under ischemic conditions. In contrast to the study by Cowan et al, 24 we have shown that PMN activation under OGD conditions was able to destabilize the BBB leading to increased permeability. This may be because of the 4-hour incubation time that might be necessary for the proteolytic action of elastase on pericellular matrix and junction proteins. In this respect, it was shown that endothelial cells exposed to anoxiareoxygenation induced elastase release by PMNs. 28 Elastase was shown to increase the permeability of an endothelial monolayer via its proteolytic effects. 29 This protease was showed to be, at least in part, responsible for microvascular endothelial cell injury after activation of PMNs by lipopolysaccharide and N-formylmethionyl-leucyl-phenylalanine. 30 In this latter study, either purified elastase or stimulated PMNs produced significant endothelial injury after 4 hours of treatment. In vivo, stimuli other than ischemia may participate in PMN activation, such as TNFa or interleukin 1b. For example, interleukin 1b was reported to induce PMN adhesion and migration associated with an increased permeability of the BBB and a disorganization of junction proteins (occludin, ZO-1, etc.). 31 Other studies have suggested that elastase could be an important mediator of endothelial layer permeability. 18, 32, 33 For this reason, the recently reported anti-elastase function of HDLs 14 may represent a novel protective effect of these particles in pathologic conditions that involve PMN activation and subsequent elastase release. In particular, HDLs may be able to transport AAT into the cells where it could thwart the deleterious effects of intracellular elastase. 34 Activation of PMNs was recently reported to be modulated by HDLs. 35 In this study, PMNs were stimulated by PMA or lipopolysaccharide for 15 to 60 minutes and CD11b expression was monitored. Although reconstituted HDLs and apoA1 limited membrane expression of CD11b after these inflammatory stimuli, the effect of rHDLs alone without stimulation was not reported. We show that HDLs induced release of MMP-9 and cell-free DNA by PMNs when incubated without endothelial cells ( Supplementary Figure 3 and data not shown). This point should be explored in further experiments.
In addition to their anti-elastase activity it cannot be totally excluded that HDLs may limit PMN activation in coincubation with endothelial cells. Indeed, a trend toward reduced MMP-9 activity and a significant decrease in MPO release were observed in the supernatant of the endothelial cells incubated with PMNs þ HDLs (respectively, P ¼ 0.057 and P ¼ 0.02 in Figures 2A and 2C) . We can speculate that HDLs may limit the exposure of adhesion molecules by endothelial cells and thus decrease PMN adhesion and subsequent activation, as previously reported after stimulation by TNFa and lipopolysaccharide. 36 It was recently reported that hypoxia caused an increased expression of E-selectin and VCAM-1 by endothelial cells, 37 which could mediate PMN adhesion. Further experiments would be required to test this hypothesis in our in vitro model. Finally, we tested the effect of LDLs, which do not display anti-elastase activity, on the permeability of the BBB in vitro. 14 These lipoproteins neither prevented OGD/PMN-induced increased permeability of the BBB nor VE-cadherin redistribution ( Supplementary Figures 8A to 8C) .
Clinical Perspectives
In spite of promising results obtained in rat models, 38, 39 different clinical trials that aimed at limiting PMN infiltration (anti-ICAM-1 40 and anti-CD11b 41 ) have failed to show an improved outcome in patients with acute stroke. Other drugs targeting PMN elastase inhibition have been used successfully in experimental models, [42] [43] [44] but were not tested in humans. In these two latter studies, synthetic elastase inhibitors 43, 44 and genetic deletion of elastase 44 were shown to attenuate BBB disruption and to limit the infarct volume. Our previous study in a rat model of thromboembolic stroke showed that intravenous injection of HDLs at the acute phase of stroke limited both BBB breakdown and infarct volume, and eventually reduced the mortality. 16 Our present results indicate that HDLs may provide a protective effect, at least in part, via their anti-elastase action that limited PMNinduced BBB disruption under ischemic conditions. All other documented beneficial effects of HDLs on endothelial cells, including junction stabilization via sphingosine 1-phosphate, antioxidant, and anti-thrombotic properties, 21 represent additional rationale for the use of HDL-based therapy to limit BBB permeability in acute stroke.
